Introduction
A key step in the manufacture of silicon solar cells, which can directly result in higher efficiencies by way of increased open circuit voltages, is the passivation of the surfaces of silicon wafers. The passivation processes that currently dominate industrial silicon solar cell passivation include plasma-enhanced chemical vapour deposition (PECVD) for silicon nitride (SiNx) and aluminium oxide (AlO x ), thermal oxidation for silicon dioxide (SiO 2 ) and atomic layer deposition (ALD) of AlO x . Recently anodic oxide passivation has been suggested as an alternative way for forming thin SiO 2 layers [1] [2] [3] and for forming thicker anodic aluminium oxide (AAO) layers [4] [5] [6] which can be effectively patterned due to their porosity [7] .
However, although anodic oxides have been employed as gate dielectrics for MOS devices (e.g., see [8] for a review), their application to the passivation of 156 mm wafers presents the new challenge of large area uniformity of thickness and electronic properties. Although initial results for PV applications [1, 2, 4] achieved anodisation by "clipping" silicon wafers to an anode in an electrochemical bath, more recently processes have been developed which involve the anodisation current passing through the p-n junction of the solar cell [3, 5, 6, 9] . These methods, called light-induced anodisation (LIA) [3, 5] and field-induced anodisation (FIA) [6, 9] , use illumination and an electric field, respectively, to induce a current flow through the wafer in a direction perpendicular to the surface that is anodised. These methods offer the potential to uniformly anodise 156 mm wafers using lower currents than would be required by "clipping" the wafer.
In this paper we report on the surface requirements for the FIA process which was introduced in [6] . In LIA, the light-induced current makes the p-type surface anodic and depletion regions do not form at either the n-type or ptype surfaces of the wafer due to the light bias. However, in FIA, although the junction is forward-biased enabling current to be passed through the wafer to make the n-type silicon surface anodic, depletion regions can form at both wafer surfaces resulting in rectifying behaviour which prevents anodisation even with the application of large bias voltages. Fig. 1 depicts the FIA process for anodisation of aluminium. The p-n junction device (e.g., solar cell) is forwardbiased by an applied potential, V, which is applied to the p-type surface of the device enabling holes to be injected into the n-type emitter where they can be filled with electrons generated by the oxidation of either the silicon (to form an anodic SiO 2 layer) or an aluminium layer (to form an anodic aluminium oxide (AAO) layer). To complete the circuit hydrogen ion reduction occurs at a cathode immersed in the electrolyte. In the experiments reported in this paper, the p-type surface of the wafer is protected by a thin ~ 10 nm SiO 2 layer and anode contact is achieved using a graphite electrode. In FIA very high currents are possible because the p-n junction is forward biased. Theoretically currents of a p-n junction device should be able to exceed those possible in a p-type wafer due to the additional diffusion currents that result with an applied bias. Unfortunately, this is a very simplistic view of the process. First, the potentially increased current enabled by the diffusion currents cannot be realised due to the series resistance associated with the electrochemical circuit. Additionally depletion regions can form at both the p-type and n-type surfaces, if these surfaces are not sufficiently heavily-doped.
Overview of the FIA process
Graphite electrode Tunnel SiO2 Fig. 1 . Schematic depicting the FIA of aluminium (on the n-type surface of a p-n junction device). Fig. 2 shows the current-voltage curves of a p-type 1 : cm wafer simulated using PC1D with and without a p-n junction. In the absence of significant series resistance and surface recombination much higher currents are predicted with a p-n junction compared to an undiffused wafer due to the presence of diffusion currents. However, in practice these high anodisation currents can't be achieved due to inevitable surface recombination and series resistance due to current tunnelling through the growing oxide and resistances due to electrode contact and the electrolyte.
PC1D simulations

Schottky diodes at the wafer surfaces
Schottky diodes can form at both surfaces of forward-biased diffused wafers as shown in Fig. 3 if the surfaces are not sufficiently heavily-doped. If not addressed, these diodes will rectify and anodisation cannot occur. Application of an anodic potential to the p-type surface can reverse bias the Schottky diodes at both surfaces causing the depletion regions to extend further into the wafer and rectify current flow through the wafer.
The problem at the p-type surface can be addressed by making electrical contact through the anode to heavilydoped p+ regions on that surface. In [6] we report how this can be achieved by laser-doping regions in the p-type surface. However, this is undesirable as laser damage is introduced which can increase the recombination losses at the wafer's surfaces. In this paper, we report the use of light to generate a photo-current across this depletion region (i.e., a photodiode [10] . Similar rectification can occur on the n-type surface if it is not sufficiently heavily-doped. We show how current flow can be achieved by doping the wafer surfaces (see [6] ) and using illumination to generate a photocurrent in the depletion region. The latter approach is particularly advantageous because it means that FIA can be performed while maintaining the integrity of the p-type surface passivation. 
Experimental
Substrate preparation
Double-side polished 1-3 : cm boron-doped Czochralski (Cz) wafer fragments of ~ 4 cm × 4 cm were diffused back-to-back using solid sources to emitter sheet resistances of ~60, 100 and 145 :/ . The phosphosilicate glass was removed from the emitter surfaces and the rear surfaces were etched in Trilogy etch [11] whilst the front wafer surface was maintained dry. A ~10 nm thermal oxide was then grown on both surfaces using dry oxidation at 980 qC.
For experiments designed to determine the effect of the diffused emitter sheet resistance, 75 nm SiNx was deposited on the p-type surface using plasma-enhanced chemical vapour deposition (PECVD) using an Roth & Rau AK400. Lines spaced 1 mm apart were then laser-doped through a boron-spin-on source (PBF1 from Filmtronics) using a laser speed of 0.5 m/s and a laser power of 14.8 W. The soft graphite electrode can contact the silicon through the laser-doped openings to achieve electrical contact to the wafer in the presence of the SiNx layer. A layer of aluminium of thickness 600 nm was thermally-evaporated from 5N purity aluminium wire on the thin oxide covering the n-type emitter resulting in substrates as shown in Fig. 4 .
Anodisation was performed in 0.5 M H 2 SO 4 (electronic grade from J. T. Baker) using an arrangement similar to that shown in Fig. 1 . For all experiments a bias voltage of 25 V (with respect to the cathode) was applied to the graphite electrode. The anodisation current was monitored through the FIA process. As the thickness of the anodic oxide increased, the current reduced due to the resistance of current tunnelling through the oxide. Anodisation was considered to be complete when the current reduced to 2 mA which was the lowest current that could be achieved with the power supply used. Wafers were then rinsed under deioinised water and dried with a nitrogen gun to remove water vapour. After FIA of aluminium, wafers were annealed in a belt furnace in air where they experienced the peak temperature of 400 °C for less than 1 min.
Silicon anodisation was performed to determine the role of illumination on the FIA process. In these experiments the thin oxide on the n-type surface was etched by immersion in HF before FIA was performed. To enable both illumination and an applied bias voltage to be applied from the p-type surface, a patterned graphite anode was used as described in [3, 5] to achieve light-induced anodisation. The thickness of the final SiO 2 was determined by the anodisation potential and the current reduced as the resistance due to the carriers tunnelling through the growing oxide layer increased. This process differs from anodisation of aluminium, which is discussed above, where the process continues until essentially all the aluminium is anodised. Measurements of integrated current over time can be used to estimate the total charge delivered to the wafer during FIA and therefore to assess the completeness of the anodisation of aluminium from a knowledge of Faraday's Law. Similarly, estimates of the efficiency of silicon anodisation can be made from measurements of the charge consumed by the process and the thickness of the oxide layer as described in [3] .
The effective minority carrier lifetime was measured to assess the passivation provided by the anodic oxide. Measurements were made using a Sinton WCT-100 bridge (Sinton Instruments) using the generalised method [12] and the implied open circuit voltage, iV oc , at 1-sun excitation was calculated using the relationship:
,
kT iV ( 1 ) where k, T, and q represent Boltzmann's constant, the absolute temperature and the electronic charge, respectively.
The carrier injection level 'n was calculated from the sheet photoconductance under 1-sun irradiation, N A represents the boron dopant density of the wafers used, and n i is the intrinsic carrier concentration of silicon (8.6×10
9 cm -3 at 25 °C as in [13] ). The iV oc was used as a measure of the passivation quality provided by the anodic oxide.
Results and discussion
Effect of emitter sheet resistance
The starting current, integrated charge and anodisation time were measured for 3 wafers (per group) having ntype emitter sheet resistances of 47-64 :/ , 82-127 :/ and 137-158 :/ (see Table 1 ). The anodisation profiles varied considerably within each group due to both variations in the emitter sheet resistance and variations in contact resistance between the graphite anode and the wafer. However, the more heavily-doped emitters all experienced higher initial and maximum anodisation currents and anodised more quickly than the more lightly-doped emitters. Furthermore, the contacting of the graphite anode was more sensitive for the lightly-doped emitters and, in some cases, the electrode needed to be re-adjusted to ensure a FIA current could flow. The lower anodisation rate for the more lightly-doped emitters was likely due to the increased series resistance across the n-type interface which would have reduced the effective potential across the aluminium layer. Fig. 4 . Substrate used for FIA experiments designed to determine the effect of n-type emitter sheet resistance on the FIA process. Substrates used to evaluate the ability of light to generate current across the p-type interface did not require the SiNx layer and the laser-doped contact regions. The effective lifetime was measured for the wafers before and after laser-doping, after anodisation and after annealing (see Fig. 5 ). For each group the laser doping and FIA processes each resulted in a decrease in the iV oc , however after annealing at 400 qC in the belt furnace the iV oc increased to an average value that was ≥ 680 mV (effective lifetime of 220 ≥ Ps) for all groups. This suggested that although anodisation was slower for the wafers with lightly-doped emitters, the final lifetime result was not impacted.
There was significantly greater variation in the iV oc , values for the lightly-doped emitter group. This variation was evident in the pre laser-doping measurements and persisted through the processing. A higher initial iV oc would have been expected for this group due to a reduced emitter saturation current density however the large degree of variation may have been due to a non-uniform diffusion process. This variation persisted through the processing, though interestingly was reduced after the belt furnace annealing.
The results in Fig. 5 suggest that the FIA process can result in very consistent effective lifetimes given considerable variation in emitter doping and the anodisation rate. Although more heavily-doped emitters appear to result in faster anodisation, there appears to be no impact in terms of final passivation quality if more lightly-doped emitters are used. 
Current flow at the p-type surface
To confirm the need for a heavily-doped p-type surface to ensure a through-wafer current flow in FIA, instead of boron laser-doping wafers as described in the experimental section, lines were simply scribed through the SiNx layer using the same line spacing as used for the boron laser-doping process. Table 2 shows that without the boron laser-doping, anodisation was very slow due to the increased resistance provided by the undoped contact regions. However, even though the initial iV oc values for the laser-scribed wafers were higher than those of the laser-doped wafers, they was significantly decreased by the laser-scribing process which offers no minority carrier shielding and consequently increased recombination at the exposed silicon regions. Although the effective lifetime was increased by ~57% and ~42% for the laser-doped and laser-scribed wafers, respectively, after FIA and annealing, the large reduction in effective lifetime after laser-scribing was not able to be totally recovered for the latter group and the final iV oc values after annealing only reached 662 mV compared to the 683 mV for the laser-doped group (see Fig.  6 ). Table 2 Although laser-doping can be used to address Schottky diodes that form at the p-type surface, it is undesirable to have to create these regions as they introduce unnecessary laser damage. Furthermore they most likely contribute to non-uniform anodisation because the current will flow directly through the wafer from the contact regions (i.e., not uniformly across the wafer as has been observed for light-induced anodisation [3, 5] ). Illumination can be used to generate a current across depletion regions and therefore provides an alternative to laser-doping to achieve a current flow through the wafer. With an illuminated Schottky diode, also called a photo diode [10] , an increased reverse bias results in an increase in the width of the depletion region but also an increase in the electric field magnitude. Consequently any carriers that are generated in the depletion region are swept out either into the bulk of the wafer or to the electrode, thus enabling an anodisation current to flow through the wafer as shown in Fig. 7 . If the p-type surface of the wafer is illuminated a significant photocurrent is generated within the depletion region at the p-type surface, however a much smaller fraction of the light can also be absorbed at the n-type surface therefore alleviating Schottky diode problems at that surface as well. The wavelength of light should also be able to be tuned to generate a greater photocurrent at one surface than the other. It is important to note with this approach, the current direction through the wafer is defined by the applied bias (i.e., it is still a field-induced current and the p-n junction remains forward biased). The use of illumination to achieve FIA of silicon was demonstrated by illuminating the wafers through a patterned graphite electrode placed in contact with the 10 nm SiO 2 layer on the p-type surface. Anodisation was performed in 0.5 M H 2 SO 4 using a voltage of 25 V and the anodisation current was measured as a function of time and light intensity (see Fig. 8 ). The experiments used a compact fluorescent light source and the illumination intensity was varied by varying the distance between the light source and the p-type wafer surface. An anodisation current was only observed when the light was turned on, and the magnitude of the current increased with light intensity as shown in Fig. 8 . If all the carriers generated in the depletion region contributed to the anodisation current then the maximum anodisation current should be proportional to the light intensity, however the accuracy at which the anodisation current could be monitored in this work was limited and so further experiments will be conducted to verify this. The use of a photocurrent to achieve current flow across Schottky diode is also beneficial in terms of anodisation uniformity as it enables the current flow to be uniform across the wafer. Future work will also seek to verify that this is indeed the case. Fig. 7 . Energy band diagram showing how illumination (from a p-type surface) can achieve a photocurrent in the depletion regions at the wafer surfaces to enable an anodisation current to flow through the wafer.
Conclusions
Low-cost methods for forming passivation layers for silicon wafers will be critical for future silicon PV manufacturing cost reduction. Although anodic oxides have demonstrated value in this regard, the ability to rapidly achieve uniform oxides over a 156 mm wafer with the use of excessive anodisation currents is necessary. The through wafer processes of LIA [3, 5] and FIA offer the potential to achieve this. However, in FIA where the junction is forward-biased to allow anodisation of the n-type surface, Schottky diodes can potentially form at both the n-type and p-type wafer surfaces, with the depletion regions of these diodes being increased in width by the application of the anodic potential to the p-type surface.
In this paper we show how both increased n-type emitter doping and the p-type surface doping can increase the anodisation rate due to reducing resistive losses. Although anodisation proceeds more slowly with reduced emitter doping, the final effective lifetime does not appear to be impacted with similar final iV oc values after annealing being recorded for wafers with emitter sheet resistances ranging from 55 to ~ 150 :/ . However, reduced doping at the ptype surface by using laser scribing rather than laser-doping did impact final device performance largely because the recombination losses that were incurred at the laser-scribed regions, where there is no minority carrier shielding from the surface, cannot be recovered in the subsequent anodisation and annealing process.
A more preferable way of addressing the problems associated with Schottky diodes in FIA may be to use illumination to generate a photocurrent in the depletion regions at the silicon surfaces. With this approach the p-n junction remains forward-biased, however carriers that are generated in the depletion region(s) are swept out of the region(s) by the electric field generated by the applied bias. This process, which is more aptly described as lightassisted FIA, may be able to be used in conjunction with LIA to enable anodisation of either silicon or aluminium for future low-cost silicon solar cell passivation. Fig. 8 . Change of anodisation current as a function of time during FIA for silicon anodisation p-type wafers with a phosphorus-diffused junction and a thin SiO2 on the p-type surface for light intensities of 50 W/m 2 (blue), 100 W/m 2 (red) 140 W/m 2 (green). The cell was illuminated from above using a patterned graphite electrode, however illumination can also be provided from below the cell (i.e., through the electrolyte). The applied bias for all cases was 25 V (with respect to the cathode) and the electrolyte comprised 0.5 M H2SO4.
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